Abstract
There are probably three factors contributing to these 2 problems: 1) low abundance of amoebae in the sediments on deposition, 2) 3 decomposition of tests over time and 3) a reduction in apparent test concentration due 4 to a high abundance of organic or inorganic material in the same size range as the 5 tests, which is not removed in sample preparation. 6
Low test concentrations present particular problems in palaeoecological 7 studies where an adequate count may not be achievable for parts of the sequence. This 8 leads to the question of whether some data is better than none: is it better to have 9 portions of a sequence with very low counts or to leave a gap in the palaeoecological 10 record? Some palaeoecological studies have presented records with very low counts 11 and have made palaeoenvironmental inferences based on these results, albeit with 12 caveats clearly stated (e.g. Beyens and Chardez 1987). However no study has been 13 undertaken to assess the relationship between number of testate amoeba shells 14 counted and data quality. 15
This study attempts to determine the minimum count levels required for 16 ecological and palaeoecological studies of testate amoebae by examining the impact 17 of count size on the number of taxa identified in three contrasting sites, by simulating 18 low counts using a random-selection approach with four previously established 19 modern training sets, and then applying the same approach to two palaeoecological 20 data sets. To determine the test count required to characterise a sample, we use four criteria: 1) 4
The number of taxa. As count size increases, the number of taxa identified should 5 increase and then stabilise as the total complement is reached. 2) Transfer function 6 inferences of environmental variables. As count increases, transfer function inferred 7
values and associated standard errors should stabilise.
3) The strength of the 8 relationship between the amoeba community and environmental variables. As the 9 amoeba community becomes better characterised with increasing count size, the 10 strength of the relationship with key environmental controls should improve. 4) The 11 inferred pattern of wet and dry periods in palaeoecological records: As count size 12 increases, the pattern should become more and more similar to the full model. (Table 1) . Samples in these studies were counted to at 13 least the usual total of 150 and recorded as percentages. Species complement varied 14 from 4 to 27 taxa. Much of the count is represented by a few taxa, and a single taxon 15 typically accounts for at least 25% of the total. Counts of 10, 20, 30..140 were 16 simulated by randomly selecting individuals from the full data set, and each 17 individual was able to be selected more than once. The transfer function models 18 calculated in the original studies were used to infer depth to water table based on 19 these simulated data sets. Standard errors were calculated using bootstrapping (1000 20 cycles). The procedure was repeated nine additional times with random re-selection of 21 individuals on each occasion, and the bias from the predicted values of the original 22 model were calculated. 23
These experiments assume that a count of 150 tests is sufficient to characterise 24 the amoeba community, To test the impact of higher totals on transfer function 25 performance, a sub-set of samples was separately analysed. For some samples from 1 the Alaska and Jura studies, amoeba concentrations were high and over 250 tests were 2 counted. Counts of 150, 160,..., 240 were simulated for these samples using the same 3 repeated random selection approach as above. Transfer function inferences using the 4 simulated data sets were compared to those of the full model for these samples. 5
Ordination was used to test the impact of count on the strength of relationship 6 between species and environmental data. The percent variance explained by the depth 7 to water table (DWT) data was tested using redundancy analysis (RDA) with each of 8 the simulated low count data-sets in CANOCO ver.4.53 (ter Braak and Šmilauer 9 1997-2004). As these analyses are labour-intensive only one cycle of data-selection 10 was used for this experiment. result, but not necessarily the measured value. Clearer results are obtained when using 3 all samples and considering mean bias from the full-model predicted values (Fig. 3) . 4
With all data sets, increasing count gives predictions that are closer to the full model. 5
This improvement is most rapid in the range of 10-50 individuals. Counts over 50 and 6 up to 100 produce a slight further improvement, this is most noticeable with the 7 outliers in the Turkey data. Increasing the count from 100 to 140 appears to make 8 little further difference. Fig 4 shows the results if this is extended to counts of up to 9 240 using just those samples from the Jura and Alaska data sets with counts ≥250. As 10 with the full data, the greatest difference is obtained by increasing the count to around 11 50 with less pronounced improvement beyond that. It is notable that increasing the 12 count beyond 150 seems to make a continued slight improvement in performance in 13 both data sets. It should, however, be noted that the data sets used to obtain this result 14 are small, with 12 and 18 samples for the Alaska and Jura data, respectively. 15
Increasing count reduces the standard error of predictions (Fig. 5) . The count 16 required before values stabilise varies between data sets from 40 with the Alaska data 17 to perhaps 100 with the Turkey data. Increasing the count also increases the percent 18 variance explained in the redundancy analyses (Fig. 6 ). As these results are based on a 19 single cycle of random selection, there is more apparent 'noise' than with the results 20 discussed above. Values stabilise after counts of 100 in all sites. The increase is most 21 rapid with the Turkey data and least rapid with the Greece data. (Fig. 8) . A plot of the mean standard deviation of the predictions shows 18 high standard deviation for lower counts, representing distinct differences between 19 individual cycles of data selection. As count size increases, the repeatability of 20 predictions improves. The improvement produced with higher counts declines after 21 around 40-50 individuals, but still continues to make a difference through to 140 22 individuals (Fig. 9) . 23
24

Discussion
25
This is the first in-depth attempt to determine the minimum count sizes required for 1 ecological and palaeoecological studies of testate amoebae. We addressed the impact 2 of count size on species richness, community composition and the ecological and 3 palaeoecological information that can be obtained from the community structure data. 4
This study, therefore, has direct relevance for a range of ecological and 5 palaeoecological applications of testate amoebae (Charman 2001; Mitchell et al. 6
2008a). 7
Increasing count total increases the number of taxa identified, improves the 8 precision of transfer function prediction and reduces the standard error of those 9 predictions. As count size increased, there were progressively diminishing returns to 10 further increasing the number of tests counted. The point at which counting more tests 11 fails to produce any further improvement varies depending on what criterion is used. 12
For standard errors, there appears to be little gain from counting more than 60 tests. 13
To characterise a sample for redundancy analysis, 100 individuals seems to be 14 enough. A total of 100 tests also appears to be enough to achieve precision in transfer 15 function predictions, although slight further benefit may be obtained by counting 16 more individuals. To identify all the taxa in a sample, a count of at least 100 is 17 generally required and counts of 150 or more may be needed in samples that are 18 species-rich, or which include very rare taxa. 19
A frequent limitation of testate-amoeba based studies is low sampling 20 resolution and the lack of true replication. The sampling intensity of many ecological 21 studies may be insufficient to characterise the full range of testate amoeba 22 communities and environmental variables under consideration. In transfer function 23 studies this may lead to 'no-analogue' problems when the data are used for 24 environmental reconstruction. In most palaeoecological studies, only one core is 25 analysed, but it is possible that this core may not be truly representative of the site. 1
Studies that examined several cores show that differences in peat accumulation 2 patterns can be relatively important (Charman 2007). The sampling resolution of 3 cores is also frequently inadequate. It is common that some palaeoecological "events" 4 are documented by very few samples, and indeed often only a single sample. 5
Given these limitations we suggest that, when counting time is limited, it is 6 likely to be more useful to count a greater number of samples to a lower count total 7 than to count fewer samples to the usual total of 150. While a count of 50 tests may be 8 sufficient for some samples from some sites, we advocate a count of 100 tests based 9 on our analyses that examined depth to water table. This total should yield most of the 10 ecological information provided by counts of 150 tests, but for a significantly reduced 11 expenditure in counting time. The time taken to count a sample is only one 12 component of the total time invested in data generation. Additional time is required 13 for fieldwork, sub-sampling and preparation. However, in most cases the greatest 14 proportion of time is spent counting, and time savings in this would allow 15 considerably more samples to be analysed. Higher counts will still be required in 16 some situations where it is important to identify very fine environmental changes, or 17 if the focus of the study is on diversity. It is likely that even counts of 150 individuals 18 will fail to identify some taxa in some samples. Higher count totals may have more 19 value in transfer function studies that will be used for multiple inferences than for 20 individual palaeoecological studies. For most studies the small amount of information 21 lost in using a lower count will not be important, and the gain in number of samples 22 will be a worthwhile trade-off. 23
In some studies low test concentrations may make it impossible to reach a 24 count of 150, or even 50 tests in a reasonable time frame, particularly if the amount of 25 material is limited. Lower counts will inevitably reduce the accuracy and precision of 1 transfer function inferences. However ,our palaeoecological results suggest that a 2 meaningful palaeoecological signal may still predominate over random noise. Where 3 counts are very low, results must be treated with considerable caution, but it is still 4 possible for major changes to be shown. 5
Our findings are largely based on four modern training sets. Although these 6 training sets cover a large geographic range and considerable differences in amoebae 7 community structure, it is possible that our conclusions are not applicable to all such 8 samples. Our findings may also not be applicable to transfer functions that aim to 9 reconstruct different environmental variables, and particularly to testate amoebae 10 communities in other habitats that may have quite different diversity. The majority of 11 our experiments also assume that a count of 150 tests is in itself sufficient. If this is 12 not the case, then our conclusions may be erroneous. 13
Testate amoeba analysis and specifically its application for palaeohydrology, 14 is a relatively young technique compared to more established palaeoecological 15 methods such as palynology and diatom analysis. As the method becomes more 16 routinely applied it is necessary to address many of its underlying assumptions. Count 17 totals are one of these assumptions along with issues such as taphonomy, taxonomy 
